Sensors to guide robots during arc welding have been around for more than twenty years. However, the use is still small and they add little functionality in an area of great need: small series and one-off production. This paper will discuss and highlight needed development and research to increase the flexibility of robot systems which use sensors.
Introduction
Over a relatively long period there has been a steady shift in focus over time from productivity and quality issues to customer orientation, while maintaining productivity and quality at lower cost. Many underlying factors have contributed to this and just to mention a few we can point out enablers like standardization, trade and technology developments. Standardization has made it possible to develop products for a global market in many ways which relates to harmonization to make products, systems and services compatible all over the globe. The shift towards free trade of products and services is heavily dependent on standards but contribute in itself to open up possibilities for local and regional innovations which can be made available on a global market, thus speeding up the diffusion of innovations. Technology developments have contributed to meet the challenges posed by consumers by first tackling the productivity and quality issues and later on to meet the need for customization. The type of customization which before could be related to local or regional preferences (traditions, cultural), is now met by global product development and manufacturing.
The result to date from this shift is a fierce competition in product development and manufacturing to meet the requirements from customers at the same time as technology developments opens new possibilities for new products, lower cost, increased quality and more features at shorter life cycles. It is evident that this trend put tremendous demands on production systems to be more cost effective, but also to handle issues related to time and short product life cycles.
In general, in the manufacturing area, two focus areas are visible: (i) highly automated large volume manufacturing of standardized and/or modularized products or components at low cost, and (ii) customized products in low volumes that face the need to adapt to changes based on customer preferences in the premium segment of products for those who are willing to pay for it. However, the general trend is basically the same in both areas and we can see a move towards global manufacturing and the challenge in the low volume area is to implement automation in a successful way. The aim should be to increase the flexibility and robustness of manufacturing systems with an ability to efficiently produce products with short life cycle times and support both trends at lower cost.
An important step to reach increased flexibility with respect to production volume, product changes and product life cycle, is to introduce sensors in the manufacturing operations; sensors to be used for process control and optimization and sensors to be used by the different machines and other devices that execute the manufacturing processes or supporting tasks. In high volume production, engineering resources can be allocated for preparation of production at different levels as well as fine tuning of the processes during production. In low volume production with short product life cycles, it is not for practical and economical reasons possible to prepare the production processes and develop production systems and work cells in the same way.
As competition gets more fierce and market demands increase, so does development of products and services increase in complexity in relation to cost, short life cycles and adaptation to market responses. As a consequence, not only the development of a product, but also the realization of a product gets more complex. In the traditional product life cycle a few decades ago, the life time of a product was in most cases comparable to the life time of the equipment to manufacture the product, typically measured in several years or even a decade. Given such relatively long life cycle, not only products and equipment, but also the people involved in the manufacturing processes is able to adapt to changes as they take place. Thus, a short delay in developing the manufacturing system and the different manufacturing processes is not as critical as it is with short life cycles. As life cycle time reduces, the time factor will be a critical parameter to be able to manufacture and deliver products in competition with other producers. This paper will outline fundamental issues related to the use of sensors in robotic arc welding and its implication on low volume production. This is connected to the background described above and we will use the term "flexibility" of a robot system that is able to cope with rapid ramp-up of production of new products in an efficient way.
Key technologies to have such capability are supporting tools to prepare manufacturing by using simulation and to apply sensors to enable a local reactive control in operations and processes which are not completely described. Furthermore, an increased autonomous operation of tasks is needed to lower the need for detailed programming and making use of the capability provided by information from on-line sensors. In this context it can be noted that the use of sensors which are used to alter the trajectory of a robot (in general the tool centre point) is quite advanced and well developed but the use of sensors while performing a specific task like arc welding is still in its infancy. As will be described, effective integration and use of sensors is not an easy task in small series production or even more difficult in one-off production and the aim is here to present some key areas that need to be investigated before a successful implementation can take place.
Sensors for increased flexibility
From a general point of view, sensors used in robotic arc welding can be of different types depending on the purpose. Of primary interest is the use of sensors to control the welding process and to control the robot actions. In reality, these functions are intermixed as they affect each other, but from a simplistic viewpoint they can be regarded as connected to different control functions and also different use of sensors, see figure 1. In reality, it turns out that in most cases they have a rather loose coupling due to the fact that most sensors are used in production which can be regarded as high volume or where resources has been allocated for proper preparation of the weld task related to quality and productivity. Thus, specifications and preparations are made with rather narrow tolerances to produce a robust robot application with the present tools available. The use of sensors is not new in this field and sensors have successfully been used for seam tracking for more than 20 years in robotic arc welding. Basically, two different principles are used, through arc sensing and optical sensors. Through-arc sensing uses the arc itself and requires a small weaving motion of the weld torch. By measuring the current a measure of the variation of the distance between the weld torch and the weld is obtained. Optical sensors is often based on a scanning laser light and triangulation to measure the distance to the weld joint. Both methods have some characteristic features that make them more suitable in certain situations. It should also be noted that the through arc sens-ing technique is rather inexpensive in comparison with an optical seam tracker.
Concerning the use of these sensors and the implementation in robotic arc welding it can be concluded that the actual use is still rather low, at least with respect to the functionality of the current implementations where sensors are integrated to robot controllers in a way which limits the potential functionality. It can also be concluded that sensors are in general not used to increase the use of robots in small series production but to solve problems associated with quality issues and tolerances in general.
Taking another approach, to use sensors to increase the flexibility of the robot system and enable the use of robots in small series or one-off production, identifies a number of issues that must be solved to successfully integrate sensors and increase the usefulness of the system. Of primary concern is the functionality we expect from the sensors. But sensors are not used for its own sake and if we want to increase flexibility which in this context is interpreted as capability to efficiently produce products in small series production, we can identify a number of important function of different modules within a robotic arc welding system that:
1. Support programming of the different welding trajectories of the robot to perform the welding operations. The sensor should be able to guide the robot along the weld joint without a time consuming and detailed programming.
2. Support proper handling of weld sequence and events during welding that can be related to sub-tasks or single weld runs. A sequence which the task is sub-divided in should be easy to alter and the sensor should react with proper response on real time events during welding, such as trigger alternative actions and paths if an obstacle in a weld jig appears or a manual placed stiffener appears which is not defined in the nominal data.
3. Support connection to world model objects of the weld joints (compare with CAD models) and real time calibration of the placement of these based on sensor input data.
4. Support and predict the robustness of the robot welding operation. If the sensor guides the robot and is able to produce data for calibration of the placement of the welds (the world model object), tools are needed to verify that the weld can be produced by the robot and also to increase the robustness of such programs. This is especially important if large tolerances apply or if the placement of the product to be welded is inaccurate, which may be an issue in one-off production.
5. Enable a coordinated control response from models of the welding process which is included in a Welding Procedure Specification (WPS).
A structure to integrate these functions which represents a framework for coordinating control actions and directing information within the system is shown in figure 2 . As long as the task i operated within the boundaries of process data defined in the WPS for robust operation, local control will be executed within the robot system and it can be assumed that control actions based on single sensor information will not cause any secondary effects which move the resulting weld outside the specification defined in WPS. Data from the sensors updates the WPS module with status about the welding operation and triggers the generation of new nominal weld data when needed. New weld data to control the operation is transferred to the real time module for predictive simulation, monitoring, analysis and optimization. Necessary changes are calculated that will generate a loop with new predictive data to WPS and a possible change of weld data. When nominal data is verified for execution, updated control data for the weld task can be downloaded to the robot system. The framework structure includes information channels to the world model, which is based typically on CAD data and additional necessary information such as kinematics relationships. Another channel is the interface to the operator with programming support, sequences and calibration, etc.
Present use of sensors to guide robots during welding is in general limited to rather simple adjustments of a nominal welding trajectory, usually to a change of the path in x, y, z of the weld torch in a limited distance from the nominal path and with no orientation changes. The reason for this is quite obvious. Large deviations and specifically a change in orientation will most likely drive the robot into joint limits and/or close to singular areas which in turn may generate unwanted disturbances in the weld path produced by the robot. This can also be seen at limited deviations due to the non-linear structure of typical robots. This relates to the robustness of the execution of the weld task. In high volume production, tolerances are normally narrow and simulation of the robot task can be used as a powerful tool to verify the weld operations. However, when sensors are used to guide the robot in a free trajectory, current simulation tools present limitations in validating and analyzing the weld task. Thus, high volume production with narrow tolerances makes it easier to produce robust robot programs with respect to predefined objectives (quality, productivity) and when tolerances get wider, the less robust the prepared operation will be, unless simulation and control tools is able to compensate for this.
Thus, for small series and one-off production it is extremely important to support the generation of robot trajectories which are possible to produce by the robot and with the expected quality. This will facilitate rapid programming where details about a trajectory can be handled by the sensor and only start and stop poses have to be defined for the welds. Moreover, the controllers of the robot and the welding power source must have a tighter connection with each other and real time monitoring and quality control within the framework of a WPS process controller which generate counteracting actions based on real time events.
In order to deal with issues related to robustness, information flow, use of world model information and handling of events, computer aided robotics tools should support the preparation of the welding operation including sensors, events and process control. At present time robot simulators can facilitate development and research but only on a laboratory basis. For production purposes, dedicated software that operates in real time should be developed which has access to the world model and process models as well as different planning, optimization, rescheduling routines and interaction with an operator.
Supporting tools
An important feature in sensor guided robots is the ability to quantitatively determine the robustness of the trajectory the robot is about to perform. An important indicator is when the robot looses its full task space, which means the robot is close to a singular area. In practice this means that the movement of the robot arms is limited, like joint limitations and/or velocities. This is often shown by out of joint limit response from the controller or fast rotational velocities of individual links of the robot arm and resulting poor path accuracy. To measure when this happens a scalar value of the rank of the Jacobian matrix (used in the kinematics model of the robot) can be calculated to produce a dexterity measure of the robot. Such a measure can, combined with a controlling algorithm adapt the robot trajectory based on three parameters [1]:
1. Rotational speed, how fast the correction will be applied 2. Rank limit, a measure when correction due to singularity should begin 3. Max correction, how large rotation can be applied.
In practice, this means that the robot can use the symmetry axis around the weld wire and make a rotation of the weld torch around the weld wire. The effect of this will cause the joints of the robot arm to move away from the critical area. If the welding torch is equipped with a seam tracking sensor it might be impossible to use the symmetry axis and a change of the sticking angle can be used instead. This is however dependent on tolerances defined in the WPS in choosing torch angle values. In general, a rather small change of less than five degrees of the torch orientation will be sufficient which in most cases is acceptable in a WPS defining the weld process. However, counteracting actions may be needed which include to change stick-out (robot trajectory) or welding power source parameters. Another concern if the orientation is changed is to check for possible collisions. This implies that a connection to the world model is needed as indicated in figure 2 . This shows the need for handling the complex interplay between the specifications defined in a WPS and two controllers (welding power source and robot) based on changes in the process triggered from one single condition.
Analysis of the dexterity can be used within the environment of a robot simulation software. Normally, this is done before the actual robot welding takes place. To support reactive control of real time events, a robot simulator should be used in the loop during welding. However, software for robot simulation are not particular well suited for this as they are not developed with real time concerns in mind.
The development of increased functionality of sensors, in particular seam tracking sensors, can be supported by robot simulation tools [3] . It was demonstrated that the simulation environment to a large extent facilitated tools for optimization, analysis and test runs of seam tracking in a virtual environment, the world model. Through this work, enhancements of the sensing functionality could be made which included not only local path adjustments but a general method to use sensors to guide the robot in the full task space, including orientation changes.
In this work and others, such as [4, 2, 5] , the concept of sensors as virtual entities are introduced. Models of sensors are used as "virtual sensors" and integrated within the framework of robot simulation and increasing the capability to simulate, model and analyze tasks involving sensors and events similar to real operation.
Limitations of present use of simulation systems and sensors are described and concepts, architecture structures and experimental work are presented to improve the use of robots in small series. In principle it was stated that traditional robot simulation programming systems can only be used for limited sections of robot programs as they [5] To analyze a welding task of a robot station which includes sensors in an efficient way we need efficient methods to incorporate sensors in our simulation and programming or task definition procedure. As discussed above, improvements of current tools for simulation and generation of programs for robots is important. However, it is equally important to integrate the work process, in this case the arc welding process. To only look at the operations performed by the robot is a somewhat limited view and will only solve some issues relating to small series production, but not the full task space that include the interrelated parameters within the welding task which can be exemplified by the following:
1. Wire feed speed is related to weld current and penetration 2. Stick-out is related to weld current so that a shorter stick-out results in a higher weld current 3. Torch angle affect the penetration profile 4. Weaving affect weld bead width and penetration For specific weld joints, parameter relations are also dependent on boundary conditions like plate thickness, joint type, weld process (short circuit, pulsed, spray), etc. With this in mind, controlling models which are defined within a WPS should be specific enough to be able to define the control parameters to meet objectives (quality and productivity measures), but open enough in its task space to cope with tolerances and events which may occur in low volume or one-off production. Besides predictive models it is possible to include quality measures for different arc welding processes based on actual measurements of the welding arc characteristics during welding as described in [6] . By this, methods can be combined to make sure that the production and welding operations are within preset boundaries and specifications.
Thus, an extension for future work in this direction is to integrate models and software components which represent different aspect of the welding process such as the welding power source and models for calculating welding data (wire feed speed, voltage, welding speed, weld torch orientation and stick-out). If such software modules are developed and added to the control structure the robot task can also be optimized with respect to the welding operation. Examples of such optimization includes proper selection of those motions the robot generate such as torch orientation, welding speed, stick-out and trajectory pattern (e.g. weaving) in relation to data defined for the welding power source.
Concluding remarks
To enable the use of robots in arc welding in small series production a number of developments have been identified to solve practical issues that concerns the actual use. Of primary interest is to raise the flexibility in terms of usefulness that address a shorter programming time, a more robust operation and to support integration of sensors both for simulation and during run-time.
In this context, sensors used for seam tracking and sensors to control the welding process (welding power source) is considered to be of equal importance and the coupling of controllers and sensors is important to be able to react in an holistic manner on single events.
To produce proper actions based on sensory input, a WPS should be integrated during run-time and produce proper nominal parameters of the weld process for both the robot and the welding power source which will produce a weld within predefined specifications.
Further research is needed to fully utilize robots for small series and down to one-off production which include integration of the task the robot is executing, the arc welding process and the definition and controlling models of the weld (WPS). In comparison with sensors, the weld task is a highly event based process which should interrelate with control action of both the robot and the welding power source.
Thus, future research should preferably make use of current developments to improve the capability of using sensors both within a simulation environment and in real operation within the framework presented in this paper. This can be used as an approach to develop a holistic model for simulation and control of the robotic arc welding process for the goal to make it possible to robotize small series and one-off production.
